Introduction {#sec1}
============

Recent advances in proteomics have improved our understanding of the molecular events that underpin the development, evolution, and the ecology of life.^[@ref1]−[@ref4]^ In those proteomic experiments, the identification of peptide spectra depends on searching a spectrum that is matched in the respective protein sequence databases. These databases are usually derived from the reference genome of a particular organism and are critical for downstream analyses.^[@ref5]^ However, constructing an efficient and comprehensive protein reference database can be fraught with challenges because obtaining high-quality genomes for new organisms is still time-intensive and expensive today. This is especially true for species with a polyploidy nature or abnormal GC content.^[@ref6]−[@ref8]^ Therefore, most early attempts to cope with the proteomic reference databases have focused on public databases such as the NCBI nr and the UniProtKB/Swiss-Prot, or used the proteins predicted from relative species.^[@ref9]−[@ref11]^ These methods are either computationally expensive or have a poor level of completeness.^[@ref12]^ Later on, this situation was improved by the addition of RNA-seq data that were thought to offer many advantages such as reduced cost and a direct reflection of coding sequences. However, together with genomic data, these RNA-seq results were usually processed by three-frame and six-frame translations before being sent to a reference database construction.^[@ref13]−[@ref16]^ Most proteins obtained through this method are in reading frames that are not translated, unnecessarily increasing the search space for spectral matching. Even though modern search strategies like Prosit^[@ref17]^ can overcome the FDR increase in the larger databases, big search space still requires more computational resources.^[@ref18]^ Recently, several good approaches have been developed to provide ways beyond classic 6-frame translation-based methods, such as MSProGene,^[@ref19]^ JUMPg,^[@ref20]^ and ProteomeGenerator.^[@ref21]^ These methods are effective and focused on aspects such as search space reduction, gene annotation improvement, and isoform identification. However, contamination can be introduced during processes such as sampling and culturing, and few studies have been devoted to the production of protein reference sets that are free of contamination in the context of proteomics. This requires a delicate balance between decontamination and overcontamination. As a result, a method for constructing a clean, efficient and, comprehensive proteomic reference database for those species with heavy contaminations and little knowledge about translated proteins is desired.

Myxozoans are obligate endoparasitic cnidarians that mainly infect fish.^[@ref22],[@ref23]^ This lineage is known as the most basal metazoan parasite^[@ref24]^ and achieves vast success in biodiversity,^[@ref25],[@ref26]^ representing an intriguing riddle for evolutionary biologists, ecologists, and a still underexploited model for proteomics. In fact, myxozoans have rarely been used for MS with a holistic consideration of reference database and contamination control, likely because of their nature. Only a few species can be experimentally infected in a lab, and most sampling processes are highly dependent on the season and contain contamination.^[@ref27],[@ref28]^

The aim of this study was to provide methods for constructing a clean, efficient, and comprehensive proteomic reference database, referred to as a customized comprehensive proteomic reference database (CCPRD). Its effectiveness was tested with the nematocysts of myxozoans, representing an extreme case that involved micrometer-sized organelles isolated from organisms that contained heavy contamination. To populate the database, we generated draft genomes and a deep coverage transcriptome (RNA-seq) of three myxozoans and screened them against host and bacterial sequences used for removing contamination. Then, using the knowledge of reading frame detection, frameshift correction, and annotation, the predicted proteins were incorporated into the CCPRD. The performance of the CCPRD was assessed by comparing its MS results with four alternative databases: (1) a six-frame translation of the transcriptomes (trans_6\_frame); (2) a six-frame translation of the transcriptome plus genomes (genome+transcriptome_6\_frame); (3) a contaminant database made by adding manually selected host and bacteria sequences to the CCPRD (CCPRD_contam); and (4) adding back sequences (both from genomes and transcriptomes) that were removed by the decontamination process to the CCPRD (CCPRD_remove). All of the databases were evaluated with respect to size, the number of identified peptides and proteins, and completeness. In proteomic experiments of myxozoan nematocysts, our database significantly outperforms alternative approaches in peptide and protein identification numbers, database size, and completeness. The CCPRD facilitated the proteomic analysis by identifying 19.1--43.8% more proteins with a maximum of 84.6% in database size reduction. This is by far the most comprehensive proteomic study on myxozoans, and one of the deepest proteomes predicted on any endoparasites. Last, we offer the means and the scripts for the CCPRD construction of their own proteomic experiments on any organism.

Results {#sec2}
=======

CCPRD and Alternative Databases for the Proteomics of Myxozoan Nematocysts {#sec2.1}
--------------------------------------------------------------------------

An overview of the process we used to generate and evaluate our reference database is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![Overview of the steps for constructing and evaluating the CCPRD.](ao0c01278_0001){#fig1}

The CCPRD was then applied to the proteomic analysis of myxozoan nematocysts, the workflow of which is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.

![Proteomic workflow for the analysis of myxozoan nematocysts. Myxospores were purified from fish host tissues and nematocysts were isolated. Proteins were then extracted from isolated nematocysts. Samples were digested and peptides were subjected to liquid chromatography--mass spectrometry (LC--MS/MS). Proteins were identified from MS/MS spectra by the CCPRD, which was developed from myxozoan genomes and transcriptomes.](ao0c01278_0002){#fig2}

The CCPRD framework requires an initial data set of low-depth genomes and RNA-sequencing. For this purpose, a total of 218.1, 100.7, and 218.6 Mb paired-end (PE) transcriptomic data were generated for *Myxobolus honghuensis*, *Myxobolus wulii,* and *Thelohanellus kitauei*. For *M. honghuensis* and *M. wulii*, 160.1 and 64.8 Mb PE genomic data were produced, respectively. The detailed analyses of the genomes and transcriptomes will be published elsewhere (Guo et al., article in preparation). After initial assembly, 27,502, 42,948, and 90,775 unigenes were generated for *M. honghuensis*, *M. wulii,* and *T. kitauei,* respectively. For *M. honghuensis* and *M. wulii*, 295 and 235 Mb draft genomes were assembled, respectively. Upon removal of the sequences assigned to the host or bacterial origin ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01278/suppl_file/ao0c01278_si_001.pdf)), 26,886, 42,380, and 88,081 unigenes were retained for these. For the *M. honghuensis* genome, 16.05 Mb Proteobacteria, 1.99 Mb Chordata, and 5.27 Mb Firmicutes sequences were removed. For the *M. wulii* genome, 0.8 Mb Streptophyta and 2.51 Mb Chordata sequences were removed ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).

![Blob plot of the initial *M. honghuensis* Liu et Gu, 2011 genome assembly (a, left panel) and the initial *M. wulii* Landsberg & Lom genome assembly (b, left panel), displaying bacteria contamination and host contamination. Each scaffold is drawn as a circle based on its GC content (*X*-axis) and coverage (*Y*-axis), with a diameter proportional to its length and colored by its taxonomic annotation at the phylum-level. In the legend, colors of phyla are listed together with scaffold-count, scaffold span, and scaffold N50. The histograms above and to the right of the main scatter plot sum contig spans for GC proportion bins and coverage bins, respectively. Blob plot of the *M. honghuensis* assembly (a, right panel) and *M. wulii* assembly (b, right panel) after the removal of contaminant scaffolds.](ao0c01278_0003){#fig3}

Cleaned assemblies were then assembled into five databases, as described previously. A summary of the composition of CCPRD and alternative databases is shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Information of Different Databases for MS/MS Search[a](#t1fn1){ref-type="table-fn"}

  species            database name                     database components                                           sequence tag     sequence number   database size
  ------------------ --------------------------------- ------------------------------------------------------------- ---------------- ----------------- ---------------
  *M. honghuensis*   H_CCPRD                           CCPRD, including informations from genome and transcriptome   MH_MC            173,004           21.2 Mb
                     H_trans_6\_frame                  transcriptome six-frame translation                           MH_T6            186,638           13.1 Mb
                     H_genome+transcriptome_6\_frame   genome and transcriptome six-frame translation                MH_A6            1,806,584         100 Mb
                     H_CCPRD_contam                    CCPRD + contaminants                                          MH_MC/HOST/BAC   278,298           66.5 Mb
                     H_CCPRD_remove                    CCPRD + sequences removed in decontamination process          MH_MC/RM         429,754           37.7 Mb
  *M. wulii*         W_CCPRD                           CCPRD, including information from genome and transcriptome    WL_MC            170,351           25.7 Mb
                     W_trans_6\_frame                  transcriptome six-frame translation                           WL_T6            254,221           21.2 Mb
                     W_genome+transcriptome_6\_frame   genome and transcriptome six-frame translation                WL_A6            1,795,435         106 Mb
                     W_CCPRD_contam                    CCPRD + contaminants                                          WL_MC/HOST/BAC   275,645           70.9 Mb
                     W_CCPRD_remove                    CCPRD + sequences removed in decontamination process          WL_MC/RM         216,320           28.3 Mb
  *T. kitauei*       T_CCPRD                           CCPRD, including information from genome and transcriptome    TK_MC            184,002           20.9 Mb
                     T_trans_6\_frame                  transcriptome six-frame translation                           TK_T6            546,831           37.3 Mb
                     T_genome+transcriptome_6\_frame   genome and transcriptome six-frame translation                TK_A6            2,209,730         135 Mb
                     T_CCPRD_contam                    CCPRD + contaminants                                          TK_MC/HOST/BAC   289,296           66.1 Mb
                     T_CCPRD_remove                    CCPRD + sequences removed in decontamination process          TK_MC/RM         196,635           21.7 Mb

CCPRD: customized comprehensive proteomic reference database.

For *M. honghuensis* and *M. wulii*, the database trans_6\_frame had the smallest database size (13.1 and 21.2 Mb), followed by the CCPRD (21.2 and 25.7 Mb). However, for *T. kitauei*, the CCPRD had the smallest size (20.9 Mb), followed by the database CCPRD_remove (21.7 Mb). The six-frame translation of both genomes and transcriptomes has the largest database size (100--135 Mb) and is approximately 4.1--6.5 times the size of the respective CCPRD. For all species, the CCPRD has the lowest sequence number (173,004--184,002) compared to the other four databases, and only constituted 8.32--9.57% of the largest genome+transcriptome_6\_frame databases.

Database Evaluation by the Number of Identified Peptides and Proteins {#sec2.2}
---------------------------------------------------------------------

For all three species, the CCPRD enabled the identification of more peptides and proteins compared with the databases trans_6\_frame, genome+transcriptome_6\_frame, and CCPRD_remove ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).

![Comparison of the protein reference databases in the number of identified unique peptides (a) and proteins (b) for *M. honghuensis* Liu et Gu, 2011, *M. wulii* Landsberg & Lom, 1991 and *T. kitauei* Egusa & Nakajima, 1981 nematocyst samples. The number of unique peptides or proteins was identified with 1% FDR. CCPRD significantly outperforms the traditional database construction method. Trans_6\_frame, transcriptome six-frame translation; genome+transcriptome_6\_frame, genome, and transcriptome six-frame translation; CCPRD_contam, CCPRD + contaminants from host and bacteria; CCPRD_remove, CCPRD + sequences removed in the decontamination process. See detailed information on these databases in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.](ao0c01278_0004){#fig4}

More specifically, judging by the number of identified peptides, the CCPRD identified 15.2--35.1, 39.1--50.7, and 0.9--7.9 more peptides compared with the databases trans_6\_frame, genome+transcriptome_6\_frame, and CCPRD_remove, respectively. The CCPRD_contam identified the most peptides in *M. honghuensis* and *T. kitauei*, while the CCPRD outperformed all the others in *M. wulii*. Adding bacteria and creating host contamination resulted in the CCPRD_contam identifying 15.9 and 10.1% more peptides than the CCPRD in *M. honghuensis* and *T. kitauei*, respectively, except that with *M. wulii* the CCPRD identified 4.7% more peptides than CCPRD_contam. Besides, in all three species, the trans_6\_frame identified 15.8, 22.3, and 11.5% more peptides than the database genome+transcriptome_6\_frame, which identified the least peptides among the five databases.

The comparison results in the number of identified proteins are generally in accordance with those of peptides. For all species, the CCPRD identified 16.2--35.8, 19.1--43.8, and 1.5--3.5% more proteins compared to the databases trans_6\_frame, genome+transcriptome_6\_frame, and CCPRD_remove, respectively. The database CCPRD_contam identified the most proteins in three species, while the database trans_6\_frame identified the least amount of proteins in *M. honghuensis*. The database genome+transcriptome_6\_frame identified the least amount of proteins in *M. wulii* and *T. kitauei*. Adding contaminant data enabled the CCPRD_contam database to identify 33.1, 8.2, and 20.8% more proteins in *M. honghuensis*, *M. wulii*, and *T. kitauei*. As was the case with the peptides, the trans_6\_frame database identified more proteins than genome+transcriptome_6\_frame in *M. wulii* (7.4%) and *T. kitauei* (5.9%), whereas the *M. honghuensis* trans_6\_frame identified fewer proteins (10.2%) than the database genome+transcriptome_6\_frame.

The composition details from identification results of CCPRD, CCPRD_contam, and CCPRD_remove are summarized in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

###### Composition Details from Identification Results of CCPRD, CCPRD + Host and Bacteria Sequences (CCPRD_contam), and CCPRD + Sequences Removed in the Decontamination Process (CCPRD_remove) of *M. honghuensis*, *M. wulii,* and *T. kitauei*[a](#t2fn1){ref-type="table-fn"}

                                       database name                                          
  ----------------- ------------------ --------------- ------ ----- ----- ------ ------ ----- ------
  peptide results   *M. honghuensis*   3411            2999   461   493   3953   3060   102   3162
                    *M. wulii*         1963            1545   115   214   1874   1863   22    1885
                    *T. kitauei*       1913            1406   511   189   2106   1879   16    1895
  protein results   *M. honghuensis*   1070            1008   164   260   1432   1004   50    1054
                    *M. wulii*         511             412    29    114   555    490    4     494
                    *T. kitauei*       593             440    175   108   723    562    9     571

MYXO: myxozoans, BAC: bacterial sequences, RM: sequences removed in the decontamination process.

It was found that, for both the peptide and protein results, CCPRD_contam and CCPRD_remove identified fewer parasite sequences than the CCPRD. The database CCPRD_remove only contained a few identifications from sequences removed during the decontamination process, for example, 102/3126 and 50/1054 for the peptide and protein result for *M. honghuensis*. The database CCPRD_contam, however, contained a relatively high ratio of off-target hits, for example, 954/3953 and 424/1432 for the peptide and protein result for *M. honghuensis*. It was also noted that when the database CCPRD_contam was used to study *M. honghuensis* and *M. wulii*, there were more bacterial sequences than host sequences. While for *T. kitauei*, when the function CCPRD_contam was used, there were more host sequences than bacterial sequences.

Overlap of MS Results Using CCPRD and Alternative Databases {#sec2.3}
-----------------------------------------------------------

Protein results were clustered into ortholog groups (OGs), then compared and illustrated with the Venn diagram ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).

![Overlap of identified unique peptides (a--c) and proteins (d--f) using the five reference database construction method from *M. honghuensis* Liu et Gu, 2011 (a,d), *M. wulii* Landsberg & Lom, 1991 (b,e) and *T. kitauei* Egusa & Nakajima, 1981 (c,f) nematocyst samples.](ao0c01278_0005){#fig5}

The core peptides shared by all five databases constituted only 20.96--23.8% of CCPRD OGs. For proteins, this number is 52.3--60.2%. The common peptide OGs between the CCPRD and the database genome+transcriptome_6\_frame constituted 24.4, 24.0, and 25.4% of each of the CCPRD OGs for *M. honghuensis*, *M. wulii*, and *T. kitauei*, respectively. For protein OGs shared by the CCPRD and the database genome+transcriptome_6\_frame, these numbers were 70.4, 68.9, and 57.7%. Similarly, the shared peptide OGs between the CCPRD and the database trans_6\_frame were 27.9, 27.6, and 30.1% for each of the CCPRD OGs ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a--c). For protein OGs shared between the CCPRD and the database trans_6\_frame, these numbers were 91.9, 90.8, and 89.7% ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d--f). There were 1626, 920, 773 peptides and 136, 49, 52 proteins identified only in the genome+transcriptome_all_6\_frame database, but not in the mRNA-only database for *M. honghuensis*, *M. wulii*, and *T. kitauei*, respectively. Besides, the database CCPRD_contam had the most specific OGs in all the species, which comprised 72.5--75.5% of their total OGs for peptides and 20.3--21.8% for proteins.

Completeness Assessment of CCPRD and Alternative Databases {#sec2.4}
----------------------------------------------------------

BUSCO attempts to quantitatively assess the completeness of gene set in terms of matching to expected single-copy orthologs. The resulting matches are classified as: (1) "complete" if their lengths are within the expectation of the BUSCO profile match lengths, (2) "duplicated" if these are found more than once, (3) "single-copy" if these are found only once, (4) "fragmented" if the matches that are only partially recovered, (5) "missing" if there are no matches that pass the tests of orthology. Results show that the CCPRD_contam of *M. honghuensis*, *M. wulii,* and *T. kitauei* had the highest level of BUSCO (99.9%) among all of the databases, followed by CCPRD_remove (55.6, 58.4, 54.9%), CCPRD (53.1, 58.2, 54.9%), genome+transcriptome_6\_frame (45.7, 53.4, 51.5%), and trans_6\_frame (44.7, 51.6, 48.9%) ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}).

###### BUSCO Alignment for Assembly Completeness between CCPRD and Alternative Databases: (1) Six-Frame Translation of the Transcriptomes, (2) Six-Frame Translation of the Transcriptome Plus Genomes, (3) Contaminant Database by Adding Host and Bacteria Sequences to the CCPRD, (4) Adding Back Sequences Removed by the Decontamination Process to the CCPRD of *M. honghuensis*, *M. wulii,* and *T. kitauei*

                                                       BUSCO notation assessment                               
  ------------------ --------------------------------- --------------------------- ------ ------ ------ ------ ------
  *M. honghuensis*   H_CCPRD                           978                         53.1   35.6   17.5   9.6    37.3
                     H_trans_6\_frame                  978                         44.7   38.0   6.7    9.3    46.0
                     H_genome+transcriptome_6\_frame   978                         45.7   38.1   7.6    11.9   42.4
                     H_CCPRD_contam                    978                         99.9   55.1   44.8   0.1    0.0
                     H_CCPRD_remove                    978                         55.6   37.2   18.4   9.9    34.5
  *M. wulii*         W_CCPRD                           978                         58.2   28.1   30.1   8.3    33.5
                     W_trans_6\_frame                  978                         51.6   36.4   15.2   7.6    40.8
                     W_genome+transcriptome_6\_frame   978                         53.4   35.9   17.5   9.6    37.0
                     W_CCPRD_contam                    978                         99.9   52.0   47.9   0.1    0.0
                     W_CCPRD_remove                    978                         58.4   28.2   30.2   9.1    32.5
  *T. kitauei*       T_CCPRD                           978                         54.9   24.2   30.7   9.5    35.6
                     T_trans_6\_frame                  978                         48.9   27.7   21.2   10.9   40.2
                     T_genome+transcriptome_6\_frame   978                         51.5   29.2   22.3   11.5   37.0
                     T_CCPRD_contam                    978                         99.9   55.1   44.8   0.1    0.0
                     T_CCPRD_remove                    978                         54.9   24.2   30.7   9.7    35.4

Apart from the almost complete CCPRD_contam, all the other four databases had relatively high missing BUSCOs: 34.5--46.0, 32.5--40.8, and 35.4--40.2% for *M. honghuensis*, *M. wulii,* and *T. kitauei*. CCPRD_contam of all three species had 99.9% BUSCO, which are the highest level of completeness among all the databases.

Overall Peptide Validation by the Linear Fitting of the Actual Peptide Retention Time and Theoretical Hydrophobicity Index {#sec2.5}
--------------------------------------------------------------------------------------------------------------------------

For all three species, the validity of the peptide identifications was successfully proved, with a strong correlation (*R*^2^ 0.891--0.934) between the actual peptide retention time and theoretical hydrophobicity index ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}).

![Linear fitting of the measured retention time and theoretical hydrophobicity index of peptide results of *M. honghuensis* Liu et Gu, 2011 (a,d,g,j,m), *M. wulii* Landsberg & Lom, 1991 (b,e,h,k,n), and *T. kitauei* Egusa & Nakajima, 1981 (c,f,i,l,o). The theoretical hydrophobicity indexes are calculated by peptides identified from genome+transcriptome_6\_frame database, CCPRD database, CCPRD_contam database, CCPRD_remove database, and trans_6\_frame database using sequence-specific retention calculator (SSRCalc) models.](ao0c01278_0006){#fig6}

It was also found that, for all three species, the CCPRD linear fitting had the highest *R*-squared compared with alternative databases.

Database-Specific Peptide Results Validation {#sec2.6}
--------------------------------------------

The linear fitting results of database-specific peptides were identical to the ones reported in above overall peptide validation. For all three species, a strong correlation (*R*^2^ 0.908--0.928) between the actual peptide retention time and theoretical hydrophobicity index was observed ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01278/suppl_file/ao0c01278_si_001.pdf)). The CCPRD linear fitting also had the highest *R*-squared compared with alternative databases. The comparison results of the protein reference databases in the number of identified nonredundant peptides showed that, for all three species, the CCPRD still enabled the identification of more nonredundant peptides compared with the databases trans_6\_frame, genome+transcriptome_6\_frame, and CCPRD_remove ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01278/suppl_file/ao0c01278_si_001.pdf)). For all three species, the CCPRD_contam identified the most nonredundant peptides among the five databases, while the database genome+transcriptome_6\_frame identified the least nonredundant peptides.

Validation of CCPRD Benchmark in Baker's Yeast *Saccharomyces cerevisiae* {#sec2.7}
-------------------------------------------------------------------------

For *S. cerevisiae*, the CCPRD enabled the identification of more peptides than the databases Swiss-Prot, trans_6\_frame, genome+transcriptome_6\_frame, and CCPRD_remove ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a).

![Summary of the peptide and protein identification results in the baker's yeast (*S. cerevisiae*). Results include a comparison of the protein reference databases in the number of identified unique peptides (a) and proteins (b), overlap of identified unique peptides (c), and proteins (d) for five databases. Trans_6\_frame, transcriptome six-frame translation; genome+transcriptome_6\_frame, genome, and transcriptome six-frame translation; CCPRD_contam, CCPRD + contaminants from bacteria, Swiss-Prot, yeast proteins from UniProtKB/Swiss-Prot.](ao0c01278_0007){#fig7}

While for protein results, Swiss-Prot database identified the most among five databases ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b). The number of identified proteins is only slightly higher than that of the CCPRD (1882 vs 1862). For both peptide and protein results, Genome+transcriptome_6\_frame database ranked the third in the identification numbers, followed by CCPRD_contam and trans_6\_frame. For overlap results, the core peptides shared by all five databases constituted only 8.43--12.90% of CCPRD OGs ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c). For proteins, this number is 67.75--87.99% ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d).

The validity of peptide identifications was proved by the strong correlation (*R*^2^ 0.952--0.956) between the actual peptide retention time and theoretical hydrophobicity index ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01278/suppl_file/ao0c01278_si_001.pdf)). The UniProtKB/Swiss-Prot linear fitting had slightly higher *R*-squared than the CCPRD.

Discussion {#sec3}
==========

By making the maximum use of genomic and transcriptomic data, we propose a new framework CCPRD for developing a comprehensive, contamination-free, and artifact-free reference protein database for proteomic analyses. The CCPRD has multiple uses for the study of a wide range of species, for which omic resources are suboptimal, involve heavy contamination, or contain complex genomes. This approach may help to develop an optimal reference database for the whole proteome analysis, as we have shown in the case of the myxozoan nematocyst. Our CCPRD analysis of nematocysts illustrates that this approach does work in nonstandard organisms, as well as that the CCPRD can be used with both user-produced or published omic data sets.

One of the most important features of the CCPRD is to filter the contamination in omic data (genomes and transcriptomes). Several efforts had been made to remove contamination using in silico hybridization. For instance, a study compared the genome/transcriptome with host sequences and used an extremely strict *e*-value threshold to remove contaminants.^[@ref24]^ Although effective, this consideration is of relatively simple dimensions and the *e*-value is hard to determine in cross-studies. Another work considered the dynamical contaminant and introduced a cross-match method that blasted the myxozoan sequences against host and close-relative databases, respectively. It also removed the sequences by comparing the *e*-values.^[@ref29]^ However, the calculation of the *e*-value is search-space dependent and not comparable across different databases,^[@ref30]^ thus limiting the application of this approach. In the present study, we applied a conservative reciprocal best blast hit (CRBBH) to transcriptomes and the TAGC plot to genomes for decontamination. Both of these were multidimensional and conservative, helping us to avoid overdecontamination. Our results show that the database CCPRD_contam identified many more peptides and proteins than the CCPRD, which suggests the existence of contamination in the source omic data and proves the necessity of decontamination. For the database CCPRD_remove, adding back sequences that were removed during the decontamination process did not increase the number of identified peptides and proteins, which suggests that our method is not overdecontaminated. The slight decrease in identification numbers in the database CCPRD_remove compared with the CCPRD could be explained in that CCPRD_remove did identify peptides not identified by the CCPRD. However, it lost more identifications than it gained, leading to fewer identifications overall. The previously mentioned results indicate that the contamination process in the CCPRD is effective and practical. Our conservative methods have considered the practical aspect of the proteomic study and concluded that the amount number of contaminant proteins is usually fewer in number, which can be easily marked and removed in downstream analyses.

The CCPRD also maximizes the utility of information while saving the search space as much as possible. Traditional proteomic reference databases usually relied on searching MS/MS spectra against public databases, for example, the NCBI nr database and the Swiss-Prot database.^[@ref31],[@ref32]^ With the development of next-generation sequencing, gene models or transcriptomes have been applied to reference database development, but mostly in the form of three-frame or six-frame translation.^[@ref14]^ The CCPRD chose to combine de novo, homolog-based, and the six-frame translation method to maximize the utility of information, and to minimize the nonreal sequences introduced. Our results showed that the CCPRD outperformed the traditional transcriptome six-frame translation method by having identified 35.2% more peptides and 35.8% more proteins, with a maximum of 44% in database size reduction. The CCPRD outperformed the genome plus transcriptome six-frame translation method by having identified 50.7% more peptides and 43.8% more proteins with a maximum of 84.6% in database size reduction. For the database CCPRD_contam, although adding in the contaminant species entries leads to more peptide and protein identifications than the CCPRD, the number of parasite identifications dropped as a result of adding these extra sequences ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The decrease in the number of parasite identifications was also observed in the database CCPRD_remove, which was likely due to the same reason that the database CCPRD_contam had this outcome. These results demonstrate that the CCPRD is superior to traditional methods in terms of peptides and proteins identification numbers, and database size. The latter is directly related to the amount of time spent searching and available computing resources.^[@ref18]^ Besides, it was found that the traditional transcriptome six-frame translation method outperformed the genome plus transcriptome six-frame translation method only in terms of peptide identification numbers. Considering that only the peptide number was proposed as an objective benchmark in the cross-comparison of reference sets,^[@ref18]^ and that the database trans_6\_frame had a 72.4--86.9% size-reduction rate compared to the database genome+transcriptome_6\_frame, the superiority of the transcriptome six-frame translation method over the genome plus transcriptome six-frame translation method was claimed. This suggests that, in some cases (e.g., under-studied species with poor gene models, or genomes with a high level of contamination), adding genomes to the reference database in the traditional context may not necessarily benefit the proteomic study.

In further investigating the overlap of different reference databases, it was found that the pattern of the CCPRD results was more similar to the database trans_6\_frame than to the database genome+transcriptome_6\_frame, again supporting the harm of adding six-frame translated genomic data (highly fragmented). Yet, there were peptides and proteins only identified in the genome + mRNA-derived database and not in the mRNA-only database, which suggested that there were some present proteins not being actively transcribed. Besides, the MS results obtained by different methods vary widely: simply changing the reference database construction strategies will lead to a huge alteration of identified proteins and peptides. This addresses the important role of the reference database in a proteomic study, as well as the significance of building an efficient and comprehensive database.

Another attractive aspect of the CCPRD is that it maintains a relatively high level of completeness, as identified by a completeness test using the metazoan ortholog set by BUSCO. It was found that, in all species, the CCPRD exhibited a higher completeness level than those from the databases trans_6\_frame and genome+transcriptome_6\_frame. Nevertheless, most databases used in the study performed poorly under BUSCO analysis: the highest completeness of CCPRD is only 58.2%. It is admitted that high quality proteomics work requires at least a high-quality de novo transcriptome (better still, high-quality genome) to produce useful and interpretable proteins. However, we assumed this not to be a defect in the data itself and will not affect the validity of our results for two reasons: (1) it was noted that both BUSCO and Core Eukaryotic Genes Mapping Approach (CEGMA)^[@ref33]^ performed poorly on Myxozoa. CEGMA only recovered 53.6, 37.5, 73, and 46.8% of core genes for *Henneguya salminicola*, *Myxobolus squamalis*, *Kudoa iwatai,* and *T. kitauei, respectively*.^[@ref34]^ This might be because the fast evolutionary rates^[@ref24]^ of myxozoans reduced the ability to detect many common eukaryotic genes, a challenge also faced by other fast-evolving eukaryotic lineages.^[@ref35]^ (2) The transcriptome sequencings were deep considering the genome size of myxozoans and the samples were collected from immature plasmodia that contained spores of different stages. Besides, the database CCPRD_contam found that all three species had a 99.9% BUSCO rating, which is the highest level of completeness among all of the databases. This extremely high completeness level is thought to be an artifact because the database CCPRD_contam is served as a contaminant database that introduces almost complete host sequences. It should also be noted that, as expected, adding six-frame translated genomic data can improve the completeness of the database trans_6\_frame (from 44.7--51.6 to 45.7--53.4%). However, this improvement is insignificant, especially considering the sudden increase in the database size. Thus, we concluded that the general performance of trans_6\_frame was better than genome+transcriptome_6\_frame, second only to the CCPRD.

Next, further validation of the peptide identifications has been done to address two major concerns: (1) it was noted that in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the different databases showed limited overlap in the identified peptide sequences. Could this highly varying results be due to the fact that the vast majority of peptide-to-spectrum matches (PSMs) are random and thus incorrect? (2) Even though CCPRD can improve the number of identifications, does it really improve the overall performance, or just increases the number of spurious false positive identifications, or the number of replicate identifications? An important factor in the context of validating PSMs is the difference between the measured retention time and theoretical hydrophobicity index. We used the SSRCalc model^[@ref36]^ to estimate the hydrophobicity index of peptides based on their sequences and chemical modifications, which can be linearly mapped to the retention time. Both the linear fitting results of overall and database-specific peptides suggest that our PSMs are valid and CCPRD can improve the overall validity (higher *R*^2^). We thus suggest that the limited overlap in peptides ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) is not an error and can be explained by the algorithm of clustering: for blast-based program such as OrthoMCL, short sequences cannot produce large bit scores or low *e*-values, and thus will have low recall rate.^[@ref37]^ This point will not affect our horizontal comparison of difference databases and the conclusion that CCPRD performs better. Besides, the redundancy removal analyses of database-specific peptide identifications revealed that, even with redundancy removed, the number of CCPRD-specific peptides still outperformed the alternative databases. This suggested that the increasing of identifications in CCPRD is not due to the increasing of replicate identifications.

Last but not least, our benchmark is designed for nonmodel organisms, but how will it perform in model organisms? A gold-standard reference with a well-documented and existing protein database will help us to evaluate the utility of CCPRD. The workflow was tested in *S. cerevisiae* and the performance of CCPRD was assessed. It was found that CCPRD worked well in *S. cerevisiae* and had similar performance to UniProtKB/Swiss-Prot, a database with well-curated yeast proteins. Furthermore, the overlap of peptide identifications among different reference databases in *S. cerevisiae* is also limited, thus supporting the above conclusion that the highly varying results in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} are due to the algorithm of OrthoMCL.

Despite above results, we do not intend to claim that CCPRD is more accurate. Although CCPRD outperforms existing methods in the peptide/protein identification number and database size, this does not mean that the CCPRD could provide higher accuracy. For instance, if an incomplete smaller database is produced by excluding known existing proteins from CCPRD and sent to the same mass spectral matching, more identifications than CCPRD can be acquired at a specific FDR. This does not imply high accuracy. Quite the contrary, these spectra tend to cause many incorrect identifications. Further research is required to incorporate computational algorithms and empirical test into the CCPRD to focus on the accuracy of current benchmark.

Conclusions {#sec4}
===========

Taken together, we consider the CCPRD to be an efficient analytical framework for comprehensive proteomic reference database construction. We demonstrate that, compared to a traditional reference database, the CCPRD enables users to identify more peptides and proteins with a much smaller database size, as well as to acquire a higher level of completeness and better performance in peptide validation. The draft genome required for the CCPRD is highly fragmented, which is practical and affordable for most projects that involve nonmodel organisms. Thus, being able to rapidly assemble the CCPRD with public- or experimentally derived transcriptomic and genomic data is highly desirable, given the number of proteomic projects worldwide. We believe this approach will improve gene and protein identification in a wide range of species, for which little is known about the sequence of translated proteins, as well as provide informative data for their phylogenomics and metaproteomics. Thus, the CCPRD can be a useful tool for molecular evolution and ecological researchers.

Experimental Procedures {#sec5}
=======================

Samples {#sec5.1}
-------

The research with fish was performed under the National Institute of Health guidelines for the humane use of laboratory animals. All experimental procedures involving fish were approved by the institution's animal care and use committee of the Huazhong Agricultural University, China. All efforts were made to minimize the suffering of the animals. Briefly, fish infected with myxozoans were sent to the laboratory and kept in a relaying tank prior to being euthanized with an overdose of MS-222 (Sigma-Aldrich, Co., Ltd., St. Louis, MO., USA). Cysts of *M. honghuensis* Liu et Gu, 2011 and *M. wulii* Landsberg & Lom, 1991 were obtained from infected allogynogenetic gibel carp *Carassius auratus gibelio*. Cysts of *Thelohanellus kitauei* Egusa & Nakajima, 1981 was collected from infected common carp *Cyprinus carpio*. Myxospores were then purified from the cysts by homogenization, filtering and sucrose gradient centrifugation. Part of purified myxospores were immediately placed into RNAlater (Sigma) or 95% ethanol, frozen in liquid nitrogen and finally stored at −80 °C. Other fresh spores were immediately sent to nematocyst isolation as described in technical papers.^[@ref38]^

Illumina Sequencing and Assembly {#sec5.2}
--------------------------------

For RNA-seq, total RNA was isolated from thawed samples (immature plasmodia that contained spores of different stages) with TRIzol (Invitrogen). The purity and integrity of RNA was assessed using NanoPhotometer spectrophotometer (IMPLEN, CA, USA) and RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA) respectively. RNA isolates with an RNA integrity number above 7.0 were sent for RNA library preparation using NEBNext Ultra RNA kit \[New England Biolab (NEB), Ipswich, MA\] following manufacturer's recommendations and sequenced as 2 × 125 PE runs with Illumina HiSeq 2500 for *M. honghuensis*, *T. kitauei*; as 2 × 150 PE runs with Illumina HiSeq 4000 for *M. honghuensis*, *M. wulii*, *T. kitauei*. The final data size for *M. honghuensis* were 5.8 Gb (HiSeq 2500) and 23.51 Gb (HiSeq 4000). The size for *M. wulii* was 14.62 Gb (HiSeq 2500). The size for *T. kitauei* were 5.8 Gb (HiSeq 2500) and 24.2 Gb (HiSeq 4000). These were deep transcriptome sequencing that achieved saturated coverage, considering the estimated genome size of *M. honghuensis* (161.09 Mb, estimated from following draft genome), *M. wulii* (241.8 Mb, estimated from following draft genome), *T. kitauei* (150.7 Mb).^[@ref39]^ The raw data were trimmed using the trimmomatic,^[@ref40]^ resulting in the removal of key/adaptor sequences, poly-A tails, and low-quality reads (Phred score ≤ 30). The quality of remaining sequences was verified using FastQC (<http://www.bioinformatics.babraham.ac.uk/projects/fastqc>). Filtered reads were de novo assembled through Trinity^[@ref41]^ and clustered using CD-HIT^[@ref42]^ and TGICL.^[@ref43]^

For genomic data, DNA was extracted from the frozen spores of *M. honghuensis* and *M. wulii* using a TIANamp Genomic DNA kit (TIANGEN Inc., Beijing, China). The 500 bp (*M. honghuensis*) and 450 bp (*M. wulii*) libraries were prepared and sequenced on Illumina HiSeq 2500 (2 × 125 PE) and Illumina HiSeq 2500 (2 × 150 PE) respectively. 19.6 Gb and 18.5 Gb clean sequence data were then generated for *M. honghuensis* and *M. wulii*. Raw data were analyzed using the Illumina RTA1.8 analysis pipelines. An initial assembly was produced with SOAPdenovo with default parameters.^[@ref44]^

Sequence Decontamination {#sec5.3}
------------------------

The contamination in transcriptomes and genomes were removed separately using different strategies. To remove potential host and bacterial contamination in transcriptome data, a customized BLAST-based contamination removal method referred to as a: CRBBH, was used. In the first stage of CRBBH, nonredundant host databases containing all available proteins or nucleotide sequences from the host, as well as nonredundant closely related databases containing all available proteins or nucleotide sequences from species closely related to myxozoans, were constructed (in that order) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). For the final host nucleotide and protein databases, where the redundancy was removed using CD-HIT (at a threshold of 95%), it was found that each contained 45,486 and 59,764 entries from *C. carpio*, *C. auratus* and *Danio rerio* (for details see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01278/suppl_file/ao0c01278_si_001.pdf)). For the final closely related nucleotide and protein databases, which were also processed by CD-HIT, it was found that each contained 103,090 and 78,786 entries from species like *Myxobolus pendula*, *Hydra vulgaris*, and *Anemonia viridis* (for details see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01278/suppl_file/ao0c01278_si_001.pdf)). These four databases were then blasted against the transcriptome assemblies using TBLASTN (for host protein database and closely related protein database) or TBLASTX (for the host nucleotide database and the closely related nucleotide database) in BLAST 2. 4. 0 +^[@ref45]^ (-*e* value 1 × 10^--5^, -outfmt 6, -max_hsps 1). According to the BLAST alignment results, the transcriptome sequences were classified into four categories: (1) sequences that aligned to both host and closely related databases; (2) sequences that aligned to neither; (3) sequences that only aligned to host databases; and (4) sequences that only aligned to closely related databases. Only transcriptome sequences that exclusively matched to host databases were removed. After this in silico hybridization, the retained transcriptome sequences were further processed to remove potential bacterial contamination. To achieve this, a nonredundant bacterial database, clustered by CD-HIT (with a threshold of 95%), was built from the proteins of common bacteria in fish, for example, *Aeromonas veronii*, *Flavobacterium columnare*, and *Salmonella enterica* (a total of 45,530 protein entries, for details see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01278/suppl_file/ao0c01278_si_001.pdf)). The retained transcriptome assemblies were then blasted against the bacterial database using BLASTX (BLAST 2. 4. 0 +, -*e* value 1 × 10^--10^, -outfmt 6). The transcripts matched to the bacterial database were extracted from transcriptomes and reblasted to the NCBI nonredundant protein database (NR) using BLASTX (-*e* value 1 × 10^--5^, -max_target_seqs 1, -outfmt "6 qseqid sseqid pident length mismatch gapopen qstart qend sstart send evalue bitscore stitle frames sscinames sskingdoms"). Only sequences that were annotated as "bacteria" were considered to contain true contamination and were removed from the transcriptomes. The present CRBBH method dealt with the potential contamination conservatively. This was done to prevent an accidental over-decontamination that could result in a loss of a large portion of actually expressed genes and proteins.

To remove contamination from genomes, Blobtools v1.0^[@ref46]^ was used to construct a BlobDB, which contained the genome sequences, coverage, and species information. To achieve this, the genome assemblies were blasted against the NCBI nucleotide database using the BLAST megablast (-culling_limit 5, -*e* value 1 × 10^--25^, -outfmt 6), as well as the UniRef90 using the diamond BLASTX (\--sensitive, -k 20, -c 1, \--*e* value 1 × 10^--10^).^[@ref47]^ The results were processed by the Blobtools function "create" to annotate each scaffold. A TAGC was drawn at the rank of the phylum and under the taxrule "bestsum". Using the Blobtools function "view", taxonomically annotated noncnidarian scaffolds with a bit-score of ≥200 were inspected manually and compared against the NCBI nucleotide database (BLASTN, -*e* value 1 × 10^--5^, -max_target_seqs 20, -outfmt 6). Sequences strongly matched to Chordata and Proteobacteria were excluded.

CCPRD and Control Proteomic Reference Database Construction {#sec5.4}
-----------------------------------------------------------

The CCPRD was built by integrating information from the genomic and RNA-seq data. For genomes, an initial round of de novo gene prediction was carried out with the addition of mapped RNA-seq reads as intron hints to train and run GeneMark-ET,^[@ref48]^ which provided species HMM file to Augustus^[@ref49]^ and SNAP^[@ref50]^ for training and running. A second round of homology-based gene prediction was conducted by Genewise^[@ref51]^ with manually selected close relative annotations as protein homology evidence. Finally, transcripts were mapped to the genome by PASA^[@ref52]^ to further assembly transcriptomes and the best open reading frames were predicted from the representative transcripts generated by PASA. For RNA-seq data, coding sequences within assembled transcripts were firstly predicted by TransDecoder^[@ref53]^ and GeneMarkS-T^[@ref54]^ with default parameters. Next, the contigs and singletons were searched against NCBI nr, UniProtKB/Swiss-Prot, eggNOG and KOG databases using BLASTX. The BLASTX reports were parsed for strand, translation frame, *e*-value, alignment coordinates and bit score in priority of nr, UniProtKB/Swiss-Prot, eggNOG and KOG databases. A maximum of 20 (high-scoring pairs) HSPs were allowed for each hit and only transcripts that showed conserved alignments (*e*-value ≤ 1 × 10^--5^) were retained. The frame shifts and strand reverse of transcripts were detected and corrected according to the BLASTX results. Then, all the qualified transcripts were translated in the hinted frames and corrected coordinates. All the above transcriptome homolog-based steps can be done by a customized Perl script Hercules, which will call the Anvi'o.^[@ref55]^ Furthermore, those transcripts that were translated neither by de novo nor homolog-based method were translated into amino acid sequences using the Transeq script from the EMBOSS^[@ref56]^ framework with the standard codon table. After six-frame translation, we collected the amino acid sequence between stop codons (represented by \*) and discarded the sequence contained ambiguous amino acids (represented by X) or its total length was less than 30. Finally, all the proteins resulted from genomic and RNA-seq data were processed by CD-HIT^[@ref42]^ with a threshold of 100%, to collapse the group into a nonredundant data set. Then, any resulting protein fragments \<30 amino acids were discarded, leading to our final CCPRD. The alternative references were generated as follows: we performed the six-frame translation of the transcriptomes (trans_6\_frame), and six-frame translation of the transcriptome plus genomes (genome+transcriptome_6\_frame). Besides, we generated the contaminant database by adding manually selected host and bacteria sequences to the CCPRD (CCPRD_contam). These contaminant proteins were the same from the host protein database, and the bacterial protein database used in above CRBBH decontamination process ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01278/suppl_file/ao0c01278_si_001.pdf)). Besides, we also added back genomic and transcriptomic sequences that removed by the above decontamination process to the CCPRD to create CCPRD_remove. All proteins were also processed by CD-HIT with a threshold of 100%.

LC and Tandem MS {#sec5.5}
----------------

Nematocysts were solubilized by adding 400 μL of SDT buffer \[4% sodium dodecyl sulfate (SDS), 100 mM Tris·HCl pH 7.6, 0.1 M dithiothreitol\] to 1 mL of samples. Vortex and boiling water bath for 5 min. Brief sonication was performed to reduce the viscosity of the lysate. Boiling water bath for 15 min. Then, centrifuge for 40 min at 14,000*g* to remove debris by 0.22 μm filters. The filtrate was quantified with the bicinchonininc acid Protein Assay Kit (Bio-Rad, Hercules, CA, USA). 20 μg proteins were mixed with 5× loading buffer boiled for 5 min and then separated on 10% SDS-polyacrylamide gel electrophoresis gel (constant current 14 mA, 90 min) to detect protein purity. Protein bands were visualized with Coomassie Blue R-250 staining. Samples were processed using filter-aided sample preparation.^[@ref57]^ DTT was added to 60 μL of protein solution to give a concentration of 100 mM. Boiling water bath for 5 min and cool down to room temperature. Lysate was mixed with 200 μL of UA buffer (8 M urea in 0.1 M Tris--HCl, pH 8.5) in a 10 kDa cutoff Microcon device (Millipore, Watford, UK). The device was centrifuged at 14,000*g* for 15 min. Discard the filtrate and repeat the process. Successive washes or incubations were performed by: add 100 μL of iodoacetamide buffer (100 mM iodoacetamide in UA), centrifuge at 600 rpm for 1 min, incubation for 30 min, then centrifuge at 14,000*g* for 15 min. Add 100 μL of UA buffer, centrifuge at 14,000*g* for 15 min, repeat this for two times. Add 100 μL of 25 mM NH~4~HCO~3~, centrifuge at 14,000*g* for 15 min, repeat this for two times. Add 40 μL of trypsin buffer (2 μg trypsin in 40 μL of 100 mM NH~4~HCO~3~), centrifuge at 600 rpm for 1 min and incubate 16--18 h at 37 °C. Change the collect tube, centrifuge at 14,000*g* for 15 min, and add 40 μL of 25 mM NH~4~HCO~3~, centrifuge at 14,000*g* for 15 min, and collect the filtrate. Peptide was fractionated using SAX or desalted using C~18~ StageTips constructed with three membrane plugs and concentrated by vacuum centrifugation and reconstituted in 40 μL of 0.1% (v/v) formic acid. The resulting peptide concentrations were estimated by the UV light spectral density at OD280.

The samples were analyzed using the Easy-nLC nanoflow HPLC system connected to the Q-Exactive mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA). A total of 5 μg of each sample was loaded onto the Thermo Scientific EASY column (2 cm × 100 μm, 5 μm C18) using an auto-sampler at a flow rate of 250 nL/min. The sequential separation of peptides on the Thermo Scientific EASY column (100 mm × 75 μm, 3 μm C18) was accomplished using a segmented 2 h gradient from Solvent A (0.1% formic acid in water) to 55% Solvent B (84% acetone cyanohydrin nitrate in 0.1% formic acid) for 110 min, followed by 55--100% Solvent B for 5 min, and then 100% Solvent B for 5 min. The mass spectrometer was operated in the positive ion mode, and MS spectra were acquired over a range of 300--1800 *m*/*z*. The resolving powers of the MS scan and MS/MS scan at 200 *m*/*z* for the Q-Exactive were set as 70,000 and 17,500, respectively. The maximum ion injection times were set at 50 ms for the survey scan and 60 ms for the MS/MS scans, and the automatic gain control target values for both scan modes were set to 3.0 × 10^--6^. The top twenty most intense signals in the acquired MS spectra were selected for further MS/MS analysis. The isolation window is 2 *m*/*z*, the MS2 activation type is HCD, the normalized collision energy is 27 eV, the dynamic exclusion is 60 s, and the under-fill ration is 0.1%. The raw files were analyzed with MaxQuant.^[@ref58]^ The search was set at a precursor mass window of 6 ppm and a fragment tolerance of 20 ppm. The enzyme is set to trypsin. Missed cleavage sites are set to 2. Carbamidomethyl (C) is selected as fixed modification. The per default oxidation of methionine and N-terminal protein acetylation are used. The false-discovery rate for peptides and proteins was set at 0.01. Different customized databases were separately subjected to the MaxQuant search engine.

Database Evaluation {#sec5.6}
-------------------

To evaluate the performance of the CCPRD, we compared the CCPRD and the other four alternative reference databases in six aspects. We first compared the number of identified unique peptides and proteins in different reference databases. Second, using OrthoMCL,^[@ref59]^ we checked the overlap of identified unique peptides and proteins between them. Third, BUSCO^[@ref60]^ was used to assess the completeness of the CCPRD and alternative reference databases by mapping against genes that are highly conserved in eukaryotes. Then, the overall peptide identities was validated by the linear fitting of the actual peptide retention time and theoretical hydrophobicity index, which was calculated by SSRCalc model.^[@ref36],[@ref61]^ Finally, we conducted both SSRCalc and redundancy removal analyses (CD-HIT, -c 1 -n 5 -M 16000 -d 0) on the peptides that were identified only when matching against the CCPRD, versus those proteins identified when matching other databases, to check whether the CCPRD actually improved the overall result (rather than increasing the number of spurious false positive identifications, or increasing the number of replicate identifications).

Validation of CCPRD Benchmark in Baker's Yeast (*S. cerevisiae*) {#sec5.7}
----------------------------------------------------------------

To compare our method with a gold-standard reference, the CCPRD benchmark was further validated in the *S. cerevisiae* model system. Briefly, the public data of *S. cerevisiae* S288C were used, which included Ensembl annotated version of S288c genome R64-1-1, GenBank GCA_000146045.2, and transcriptome shotgun assembly, GenBank GFJR01000000. We applied the above-mentioned CCPRD benchmark on *S. cerevisiae* data and constructed the CCPRD and control proteomic reference database for comparison. The alternative references included the six-frame translation of the transcriptomes (trans_6\_frame), six-frame translation of the transcriptome plus genomes (genome+transcriptome_6\_frame), the CCPRD + contaminant database with manually selected bacteria sequences (CCPRD_contam), and the UniProtKB/Swiss-Prot database (database release version of May 2020 containing 6,721 yeast protein sequences, [www.uniprot.org](www.uniprot.org)). The original CCPRD_remove database was excluded in *S. cerevisiae* analyses because almost no contaminants were detected in genomic and transcriptomic data. Then, *S. cerevisiae* spectra raw file was downloaded from the PRIDE database (PXD009214) and searched against the CCPRD and alternative databases using MaxQuant. To evaluate the performance of the CCPRD in *S. cerevisiae*, we compared the results of the CCPRD and the other four alternative reference databases in the number of identified unique peptides and proteins, the overlap of identified unique peptides and proteins, and the linear fitting of the actual peptide retention time and theoretical hydrophobicity index. The detail procedures are provided as an example file of CCPRD and can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01278/suppl_file/ao0c01278_si_001.pdf) and <https://github.com/qingxiangguo/CCPRD>.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01278](https://pubs.acs.org/doi/10.1021/acsomega.0c01278?goto=supporting-info).Information of databases used by CRBBH for transcriptome decontamination; linear fitting of measured retention time and theoretical hydrophobicity index of database-specific peptide results of *M. honghuensis*, *M. wulii,* and *T. kitauei*; comparison of the protein reference databases in the number of identified nonredundant peptides for *M. honghuensis*, *M. wulii,* and *T. kitauei;* linear fitting of measured retention time and theoretical hydrophobicity index of baker's yeast *S. cerevisiae* peptide results README file of CCPRD ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01278/suppl_file/ao0c01278_si_001.pdf))
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